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The Synthesis of Carbon
Nanofiber Derived From
Pineapple Leaf Fibers as
a Carbon Electrode for
Supercapacitor Application
This study aims to synthesize carbon nanofiber as supercapacitor electrodes from pineapple
leaf fibers using two steps. The first step involved varying the raw materials termed (i) pine-
apple leaves, (ii) pineapple leaf fibers, and (iii) the combination of both. The best electro-
chemical properties in the first step were used as raw material for the second step with
varied KOH concentrations at 0.5 M, 0.7 M, and 0.9 M. Furthermore, the optimum specific
capacitance based on cyclic voltammetry method for both steps were 175 F g−1 and
191 F g−1, respectively. For the second step, the physical properties, including density,
surface morphology, elemental content, N2 gas adsorption–desorption isotherm, and crys-
talline structure, were analyzed. The result showed the density of the pineapple leaf fiber
activated carbon (PALF-AC) electrode steadily declined from 27.93 to 51.72% after car-
bonization-activation. The optimum specific surface area is as high as 945 m2 g−1 for the
PALF-AC0.9 electrode. In addition, the nanofiber diameter on surface morphology based
on scanning electron microscopic (SEM) analysis in the range of 35–185 nm. Therefore,
a carbon nanofiber–based electrode from pineapple leaf fibers (PALF) shows promising
capacitive properties and great potential for use on energy storage devices.
[DOI: 10.1115/1.4048405]
Keywords: pineapple leaf fibers, carbon nanofiber, carbon electrode, supercapacitor,
advanced materials characterization, electrochemical capacitors, electrochemical
storage, innovative material synthesis and manufacturing methods
Introduction
Supercapacitors, also known as ultracapacitors or electrochemi-
cal capacitors, are energy storage devices used to complement
battery functionalities in various applications. This relevance is
due to high power density, fast recharge capability, and long life
cycle of the appliance [1–4]. Generally, supercapacitor consists of
several parts such as electrodes, current collector, electrolyte, and
separator. Several materials can be produced into supercapacitor
electrodes; one of them is carbon materials. Furthermore, the
carbon materials are widely applied as supercapacitor electrodes
as a result of exhibiting superior ion storage capacity, chemical sta-
bility, large specific surface area, high electrical conductivity [5–7],
and extensive interlayer distances [8]. These materials can be con-
verted into one-dimensional carbon nanofibers with a size of less
than 1 µm [9]. In Ref. [10], bamboo powder was successfully con-
verted into carbon nanofiber doped with polymer (polyaniline) and
carbon nanotube. Nanofiber was obtained with a diameter in the
range of 10–30 nm and a high specific capacitance of up to
791 F g−1. However, the nanofiber based–biomass has been widely
used as carbon electrodes to store energy in supercapacitors [11–13].
Over the past two decades, the use of nanocellulose has facili-
tated the development of nanotechnology [14]. With a diameter in
the range of 1–100 nm and several micrometers in length, nanocel-
lulose has high transparency, low density, high contact surface area,
good mechanical properties, and is environmentally friendly [15].
Furthermore, natural fibers are known to consist of three primary
components, including cellulose, hemicellulose, and lignin
[14,16–18].
Pineapple leaves are a set of biomass materials commonly recov-
ered after harvest with a waste generation of about 20,000–25,000
tons acre−1. This imposes various environmental and economic
problems for the farmers [19]. Besides, the separation of fibers
from pineapple leaves significantly increases the percentage of
fiber content in the electrode samples. The pineapple leaf fibers
(PALF) contained of 70–82% holo-cellulose, 5–12% lignin, and
1.1% ash [20,21]. In Ref. [22] PALF has been utilized as a
carbon electrode for supercapacitor using a three-step preparation
process, i.e., hydrothermal process in 1 M H2SO4 solution, chemi-
cal activation using KOH, and heat treatment in the Argon (Ar) gas
environment. The specific capacitance was obtained as high as
131 F g−1 at the scan rate of 5 mV s−1. The authors in Ref. [23]
has successfully prepared the activated carbon in the form of
highly porous, open-channel carbon nanosheets from pineapple
leaves and obtained the specific capacitance as high as 202 F g−1
at a scan rate of 5 mV s−1. Moreover, Ref. [24] has reported super-
capacitor electrodes made from pineapple crowns waste and
obtained fibers diameter ranging 68–92 nm with a specific capaci-
tance of up to 150 F g−1.
This is the first reported study to use a mechanical method for the
synthesizing carbon nanofibers derived from pineapple leaf fibers as
carbon electrodes for supercapacitor applications. Various nanofi-
bers extraction methods have been reported such as wet blending
[18], high-pressure homogenization [25–27], sonication [28–30],
alkali treatment, ball mill [31], ultrafine grinding [32,33], and
digester-sonication [14]. The synthesis of carbon nanofibers was
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performed without any treatment. The pineapple leaf fibers extrac-
tion was achieved through a mechanical method. The pineapple leaf
fibers extraction process in this study was carried out using a
mechanical method. The potential utilization of pineapple leaf
fibers as raw materials in the production of carbon nanofibers for
supercapacitor carbon electrodes was reviewed. The method was
reported to use chemical activation, carbonization, and physical
activation processes. The carbonization and physical activation
were carried out using a one-step process.
This study was conducted using two steps, where the first
involved a variation of raw materials, including pineapple leaves,
pineapple leaf fibers, and a combination of both by the activation
of 0.9 M concentrated KOH. The best result in the first step was
then employed in the second step with varied KOH concentrations
at 0.5 M, 0.7 M, and 0.9 M, respectively. Furthermore, physical
activation was achieved by using a furnace in the CO2 gas atmo-
sphere at a temperature of 850 °C for 2.5 h. This study analyzed
the effect of varying KOH concentrations on the physical and elec-
trochemical properties of carbon electrode derived from pineapple
leaf fibers.
Experimental Method
Pineapple Leaf Fibers Extraction Process. The pineapple leaf
waste was collected from Riau Province, Indonesia. The initial pro-
cessing includes: (i) washing the sample to remove impurities and
(ii) cutting to a size of± 40 cm. Besides, the fiber extraction was
done using mechanical withdrawal. The next step involves sun-
drying the fiber for 12 h followed by oven-drying at a temperature
of 110 °C for 48 h. Figure 1 shows the pineapple leaf fibers extrac-
tion process.
Preparation of Activated Carbon. The pineapple leaf (PAL) and
pineapple leaf fibers (PALF) were pre-carbonized at low tempera-
tures starting from 50 °C until 250 °C for 2.5 h. Then, the
samples were milled for 20 h and sieved to obtain a particle size
below 53 µm. Furthermore, chemical activation of the sample was
performed using 0.9 M potassium hydroxide (KOH). About 20 g
of the fiber was mixed into 100 ml of 0.9 M KOH solution. The
resulting mixture was then heated at a temperature of 80 °C for
2.5 h and agitated at 300 rpm using a hot plate stirrer (MSH 20D
Daihan Scientific, Wonju-si, Gangwon-do, South Korea). Further-
more, the samples were converted into pellets form by using a
hydraulic press at a pressure of 8 tons as previously reported [34–
36]. Then, it was followed by carbonization and physical activation.
Furthermore, the carbonization was conducted using a furnace
(Payun tech) at a temperature of 600 °C in the N2 gas environment
followed by physical activation using CO2 gas at the temperature of
850 °C for 2.5 h [37–39]. The samples were washed until a neutral
pH (pH∼7) and then oven-dried at the temperature of 110 °C for
24 h. The electrodes were labeled PAL-AC0.9 (pineapple leaves),
PALF-AC-0.9 (pineapple leaf fibers), and PAL+ PALF-AC0.9 (the
combination of both).
The best results of the electrochemical properties from the first
step were applied in the second step using KOH activator at
varied concentrations of 0.5 M, 0.7 M, and 0.9 M. For pelletizing,
the carbonization and physical activation are referred to the first
step. Finally, the samples were labeled PALF-AC0.5,
PALF-AC0.7, and PALF-AC0.9 corresponding to the KOH con-
centration at 0.5 M, 0.7 M, and 0.9 M. Figure 2 shows the complete
scheme of the activated carbon preparation process.
Characterization of Pineapple Leaf Fibers Activated Carbon
Electrodes
Electrochemical Properties Characterization. The electrochem-
ical properties of the carbon electrodes were measured using cyclic
voltammetry (CV) in a two-electrode configuration. In addition, the
316-L stainless steel plates, H2SO4, and duck eggshell membranes
were used as current collectors, electrolytes, and separators, respec-
tively. The CV measurement was conducted at a potential window
range of 0–1 V with a scan rate of 1 mV s−1 for the first and second
steps. For the second step, the scan rate variations were used, i.e., 2,
5, and 10 mV s−1. Besides, the two-electrode configuration was
selected to show more electrode performance closer to the actual
supercapacitor cell, and the resulting capacitance was slightly
lower compared to the three-electrode configuration [40]. The stan-
dard deviation was achieved at five times the measurements for each
sample consisting of a pair of electrodes at a scan rate of 1 mV s−1
for the first step and 2, 5, and 10 mV s−1 for the second step.






where Csp is the specific capacitance (F g
−1), I is the current (A), S is
the scan rate (mV s−1) and m is the electrode mass (g). The energy
density (E) and power density (P) are given by the following equa-
tion [41–43]:
Fig. 1 The pineapple leaf fibers extraction process










where E is the energy density (Wh kg−1), Csp is the specific capac-
itance (F g−1), V is the cell voltage (V), P is the power density
(W kg−1), and Δt is the discharge time (s). The arrangement sche-
matic of supercapacitor cell is shown in Fig. 3.
Physical Properties Characterization. The characterization of
the physical properties includes: (i) density, (ii) N2 gas adsorp-
tion–desorption isotherm, (iii) surface morphology, (iv) elemental
contents, and (v) crystallinity structure. Besides, the density is
acquired from the diameter, thickness, and mass of the PALF elec-
trodes. Subsequently, the pore characteristic was studied using
Quantachrome TouchWin v1.2 instrument with N2 gas adsorp-
tion–desorption isotherm at a temperature of 77 K. Furthermore,
the pore size distribution was evaluated using the Barrett–Joyner–
Halenda (BJH) method, and the specific surface area was calculated
using the Brunauer–Emmet–Teller (BET) method. Surface
Fig. 2 The activated carbon preparation process
Fig. 3 The arrangement schematic of supercapacitor cell
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morphology and elemental content were characterized by scanning
electron microscopy (SEM) and energy dispersive x-ray spectro-
scopy (EDS) using JEOL-JSM 6510LA instrument. The crystalline
structure was determined using X-ray diffraction with the XRD Shi-
madzu 7000 (source: CuKαwith λ= 0.154 nm) and with the scatter-
ing angles (2θ) of 10–60 deg.
Result and Discussion
Electrochemical Properties Analysis of Activated Carbon
Electrodes. Figure 4 shows the electrochemical properties of elec-
trodes for the first step based on the cyclic voltammetry method.
These curves show relationship between the current (A) and poten-
tial windows (V) at a scan rate of 1 mV s−1. This measurement was
conducted using a scan rate of 1 mV s−1, due to the ions which have
a longer time to diffuse into the electrode pores so that the charge
and discharge processes during the measurement occurs optimally.
The CV curves of the electrodes have a rectangular-like shape ideal
for supercapacitor based on activated carbon materials. This con-
tributes to the presence of a double layer [44]. However, the
width of the charge (Ic) and discharge current (Id) curves indicates
greater specific capacitance due to its ability to diffuse several
ions into the carbon pore to form the electrolyte and electrode
layer. In addition, the mass of the electrodes also influences the
amount of specific capacitance formed. This shows smaller
mass results to higher specific capacitance. Based on Fig. 4, it is
shown that the carbon electrodes from pineapple leaf fibers
(PALF-AC0.9) have the highest specific capacitance as high as
175 F g−1. Furthermore, the specific capacitance of the first step
are 168 F g−1 for PAL-AC0.9 with average of 167 F g−1 at standard
deviation of ±1, 175 F g−1 for PALF-AC 0.9 with average of 167 F
g−1 at standard deviation of ±11, and 134 F g−1 for PALF-AC 0.9
with average of 137 F g−1 at standard deviation of ±4, respectively.
The electrodes made from pineapple leaf fibers (PALF-AC 0.9)
show the best raw materials combination for the first step.
Figure 5(a) shows the measurement of the electrochemical prop-
erties for PALF -AC electrodes by using the CV method for the
second step. The specific capacitance (Csp) was estimated at
143 F g−1 for PALF-AC0.5 with average of 142 F g−1 at standard
deviation of ±2, 189 F g−1 for PALF-AC0.7 with average of
182 F g−1 at standard deviation of ±10, and 191 F g−1 for
PALF-AC 0.9 with average of 183 F g−1 at standard deviation of
±11, respectively. Figure 5(b) represents the relationship between
specific capacitance (F g−1) and the scan rate (mV s−1). In addition,
a higher scan rate reduces the time taken for the ion to diffuse
completely into the carbon electrode pore resulting to lower specific
capacitance.
The energy density (E) and power density (P) of the PALF-AC
electrodes are calculated using Eqs. (2) and (3). Subsequently, the
highest value of E and P were indicated as 26.53 Wh kg−1 and
95.60 W kg−1, respectively, corresponding to the energy density
and power density ranges for supercapacitors [2]. Table 1 shows
the E and P of the PALF-AC electrodes.
Table 2 shows the comparison between specific capacitance
(Csp), energy density (E), and power density (P) of the PALF-AC
electrodes with biomass-based carbon nanofibers materials. The
electrodes present a great potential application on supercapacitor
devices as a result of suitable capacitive properties.
Physical Properties Analysis of the Pineapple Leaf Fibers
Activated Carbon Electrodes
The Density Analysis. Figure 6 shows the density of the
PALF-AC electrodes before and after the carbonization-physical
activation as directly and inversely proportional to KOH concentra-
tion, respectively. The value increase before activation is due to the
Fig. 4 The cyclic voltammogram curves of PAL-AC0.9,
PALF-AC0.9, and PAL+PALF-AC0.9 electrodes at a scan rate of
1 mV s−1
Fig. 5 (a) The cyclic voltammogram curve of the PALF-AC electrodes at a scan rate of 1 mV s−1 and (b) the relation-
ship between specific capacitance of the PALF-AC electrodes to the scan rate variations
Table 1 The specific capacitance (Csp), energy density (E), and
power density (P) of the PALF-AC electrodes
Sample codes Csp (F g
−1) E (Wh kg−1) P (W kg−1)
PALF-AC0.5 143 19.86 71.57
PALF-AC0.7 189 26.25 94.60
PALF-AC0.9 191 26.53 95.60
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rise in the KOH concentration. Meanwhile, the drop after activation
was recorded from 27.93–51.72%. Furthermore, the carbon elec-
trodes at 0.9 M KOH concentration demonstrated the highest
decline of about 51.72%. This reduction is attributed to the
release of other elements apart from carbon, e.g., water molecules
and volatile contents at activation.
N2 Gas Adsorption–Desorption Isotherm Analysis. Figure 7
shows the N2 gas adsorption–desorption isotherm based on the
BET method and the BJH pore size distribution of the PALF-AC
electrodes. Figure 7(a) represents type IV isotherms based on the
International Union of Pure and Applied Chemistry (IUPAC) clas-
sification, while the presence of a hysteresis loop on the curve
occurring at a relative pressure (P/P0) of 0.4–0.8 indicates type
IV characteristic corresponding to capillary condensation in meso-
pores size [48–50]. The increasing adsorption at relatively low pres-
sure (P/P0 < 0.2) evidently confirmed the presence of micropores in
the sample. Figure 7(b) highlights the relationship between dV (r)
(cm3 g−1 nm−1) and the pore radius (nm). The specific surface
area (SBET) of the PALF-AC electrodes are 719 m
2 g−1 for
PALF-AC0.5, 900 m2 g−1 for PALF-AC0.7, and 945 m2 g−1 for
PALF-AC0.9, respectively. Additionally, the high surface area is
attributed to the complete chemical activation of the carbon
leading to extensive specific capacitance [51,52]. However, the
robust reaction between carbon atoms and KOH instigates the pro-
duction of more porous structures [53].
The pore diameter of the PALF-AC electrodes ranged between 2
and 10 nm indicating mesopores. Table 3 shows the specific surface
area (SBET), average pore radius (raverage), and total volume (Vtotal).
Based on Table 3, higher KOH concentration leads to an
increased specific surface area, although the average pore radius
relatively decreases. Meanwhile, additional quantity of activating
agents scrapes deeper into the carbon and creates a larger surface
area with high pore volume [54]. It can be attributed to its specific
capacitance of the electrodes. The higher specific surface area pro-
duced higher specific capacitance of the electrodes. According to
previous studies, the specific capacitance values increase in elec-
trodes with a large specific surface area [55].
Surface Morphology Analysis. The SEM studies showed the
effect of the KOH concentrations applied on the surface morphol-
ogy of the electrodes. Figure 8 shows the surface morphology of
the PALF-AC0.5, PALF-AC0.7, and PALF-AC0.9 electrodes at a
Table 2 Comparison of the capacitive properties of biomass-based carbon nanofibers materials
Materials Electrolytes Electrode configurations Csp (F g
−1) E (Wh kg−1) P (W kg−1) Ref.
Seafood chitin 6 M KOH 2-Electrode 113 at 5 mV s−1 58.7 300 [11]
HA-Extracted nanofibers 6 M KOH 3-Electrode 324 at 5 mV s−1 11 60 [12]
Hardwood lignin 6 M KOH 2-Electrode 165 at 10 mV s−1 22 400 [13]
Pineapple leaf fibers 1 M Na2SO4 3-Electrode 131 at 5 mV s
−1 – – [22]
Pineapple leaf fibers 1 M H2SO4 3-Electrode 202 at 5 mV s
−1 – – [23]
Pineapple crown waste 1 M H2SO4 2-Electrode 150 at 1 mV s
−1 5.2 42 [24]
Pineapple crown waste 1 M H2SO4 2-Electrode 134 at 1 mV s
−1 – – [39]
Banana stem 1 M H2SO4 2-Electrode 170 at 1 mV s
−1 – – [45]
Water chesnut 1 M H2SO4 2-Electrode 130 at 1 mV s
−1 – – [46]
Coconut husk 1 M H2SO4 2-Electrode 184 at 1 mV s
−1 – – [47]
Pineapple leaf fibers 1M H2SO4 2-Electrode 191 at 1 mV s
−1 26.53 95.60 This work
Fig. 6 The density of the PALF-AC electrodes
Fig. 7 (a) N2 gas adsorption–desorption isotherm at 77 K and (b) BJH pore size distributions of the PALF-AC
electrodes
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40000× magnification, respectively. Figure 8(a) shows the surface
morphology of the PALF-AC0.5 electrode. The nanofibers
formed as a result contained deep structures known as hollow
fibers with relatively smaller diameters. The surface morphology
of the PALF-AC0.7 electrode is shown in Fig. 8(b) and is similar
in nanofiber structure compared to the PALF-AC0.5, although
tend to form smaller diameters. Furthermore, the surface morphol-
ogy of the PALF-AC0.9 (Fig. 8(c)) indicates the fibers possess a
separate structure compared to the PALF-AC0.5 and PALF-AC
0.7 electrodes, as exhibited by a flat non-hollow pattern with
smaller diameters. Therefore, the SEM characterization results
revealed the nanofiber diameter on the electrodes decreased at a
range of 44–109 nm for PALF-AC0.5, 41–96 nm for
PALF-AC0.7, and 35–83 nm for PALF-AC0.9, respectively. The
KOH concentration variation influences the nanofiber diameter as
more addition tends to reduce the diameter, e.g., nanofibers from
banana stems [45]. This study generally demonstrates the nanofiber
diameter was known to be smaller compared to that of other previ-
ously reported materials, including banana stem [45], pineapple
crowns [24,39], Terminalia cattapa leaf [56], and Areca catechu
husk [57].
Based on the SEM micrograph, KOH concentrations also influ-
enced nanofibers distribution on the PALF-AC electrodes. The
higher KOH concentration indicates more nanofibers distribution
and showed a larger specific surface area. It can be attributed to
electrodes performance based on the measurement of capacitive
properties. PALF-AC 0.9 electrode was shown to have good capac-
itive properties compared to other electrodes.
Elemental Content Analysis. Table 4 shows the results of the
characterization of EDS in the electrodes. The element content con-
sists of carbon (C), oxygen (O), magnesium (Mg), potassium (K),
and calcium (Ca). Complete samples were dominated by carbon
with an atomic percentage ranging 79.38–83.50% and oxygen
13.08–17.14%. Subsequently, the carbon content of the electrodes
in ascending order includes PALF-AC0.5 with 79.38%,
PALF-AC0.9 with 83.02%, and PALF-AC0.7 with 83.50%, respec-
tively. The banana stems with a carbon content ranged 84.57–
88.76% showed nearly similar results [45]. Moreover, the presence
of other elements such as magnesium, chlorine, potassium, and
calcium originated from the pineapple leaf fibers. Table 4 represents
the elemental contents of the electrodes.
Crystallinity Structure Analysis. Figure 9 shows the X-ray dif-
fraction characterization of the PALF-AC electrodes. The curve
shows a diffraction pattern with scattering angle 2θ in the range
of 10–60 deg. In addition, the X-ray diffraction patterns revealed
the presence of two broadening peaks at 22 deg corresponding to
plane 002 typical reflection of graphite [22]. Also, the 43 deg cor-
responds to the scattering plane 100 known as an amorphous
Table 3 Specific surface area (SBET), average pore radius
(raverage), and total volume (Vtotal) of the PALF-AC electrodes
Sample codes SBET (m
2 g−1) raverage (nm) Vtotal (cm
3 g−1)
PALF-AC0.5 719 1.199 0.416
PALF-AC0.7 900 1.157 0.504
PALF-AC0.9 945 1.120 0.523
Fig. 8 Surface morphology PALF-AC electrodes: (a) PALF-AC0.5, (b) PALF-AC0.7, and (c) PALF-AC0.9
Table 4 Elemental contents of the PALF-AC electrodes
Elemental contents
PALF-AC0.5 PALF-AC0.7 PALF-AC0.9
Atomic (%) Atomic (%) Atomic (%)
C 79.38 83.50 83.02
O 17.14 13.08 14.01
Mg 2.70 2.66 2.14
K 0.10 0.26 –
Ca 0.68 0.51 0.83
Total 100
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carbon characteristic [58–60]. However, the metal impurities insti-
gated other sharp peaks for the complete electrodes [61].
Conclusion
The synthesis of carbon nanofibers derived from pineapple leaf
fibers as carbon electrodes for supercapacitor applications using a
mechanical method has been successfully reported. This experiment
was conducted through mechanical method. In addition, the
optimum specific capacitance for the first step was estimated at
175 F g−1 for PALF-AC0.9 electrode, based on the cyclic voltam-
metry method. Meanwhile, the optimum specific surface area,
capacitance, energy density, and power density for the second
step were 945 m2 g−1, 191 F g−1, 26.53 Wh kg−1, and
95.60 W kg−1, respectively. The SEM micrograph showed the
nanofiber diameter ranged 35–185 nm. Furthermore, the carbon
nanofiber–based electrode from pineapple leaf fibers showed the
promising capacitive performance with great potential for use as
carbon electrodes on supercapacitor application.
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Nomenclature
m = the electrode mass (g)
E = energy density (Wh kg−1)
I = the current (A)
P = the power density (W kg−1)
S = the scan rate (mV s−1)
V = the cell voltage (V)
Csp = specific capacitance (F g
−1)
Δt = discharge time (s)
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